Conventional frequency-domain receivers require an invariant channel within the block duration and the performance is severely affected in presence of strong Doppler effects. In this paper we propose an iterative receiver for SC-FDE (Single-Carrier with Frequency Domain Equalization) schemes able to attenuate the impact of strong Doppler effects. It is shown that these frequency-domain receivers can compensate the Doppler effects associated to different multipath components while performing the equalization procedure. Our performance results show that the proposed receivers have good performance, even when the Doppler drifts are not identical for different multipath components (in fact, we can even cope with drifts that are substantially). Therefore, our receivers are suitable for SC-FDE broadband transmission in the presence of fastvarying channels.
Introduction
The tremendous growth of the mobile internet and multimedia communications, accompanied by the advances in micro-electronic circuits, motivated an ever increased interest in broadband wireless systems over the past decade. A very demanding challenge is surpassing the effects of the mobile radio channel, while ensuring at the same time high power and spectral efficiencies. SC-FDE techniques (Single-Carrier with Frequency Domain Equalization) [1] are particularly interesting, especially at the plink transmission [2] .
The conventional receiver for SC-FDE schemes is a linear FDE. However, it is known that nonlinear equalizers outperform linear equalizers [3] . IB-DFE (Iterative Block Decision Feedback Equalizer) [4] is a promising iterative FDE technique for SC-FDE that was first proposed in [5] and extended to diversity scenarios [6] and layered space-time schemes [7] . These receivers can be regarded as low-complexity turbo FDE schemes [8] , [9] , where the channel decoder is not involved in the feedback. True turbo FDE schemes can also be designed based on the IB-DFE concept [10] , [11] .
Since the overall channel impulse response in broadband wireless systems is very long we need very large blocks, with hundreds or even thousands of symbols. This means that it is difficult to ensure that the channel is stationary within the block duration, something required for conventional SC-FDE receivers. If the channel changes within the block duration we can have significant performance degradation.
The channel variations can have different sources. One of these sources is the frequency mismatch or residual CFO (Carrier Frequency Offset), between transmitter and receiver local oscillators. These type of channel variations, together with phase noise effects, lead to simple phase variations (i.e., constellation rotations that change along the blocks) that are relatively easy to compensate at the receiver [12] , [13] . Another possible source of channel variations, which is not easy to compensate, is the Doppler frequency shift caused by relative motion between the transmitter and the receiver. The channel variations become even more complex when we have distant Doppler drifts for different multipath components. A promising receiver for this scenario was proposed in [14] .
In this paper we consider the use of SC-FDE schemes in fast-varying channels. As in [14] , [17] , we model the channel variations as different pure Doppler drifts for each multipath component and we take advantage of this to design iterative frequency-domain receivers that are able to cope with channel variations. Since these receivers require the knowledge of the Doppler drifts of each individual multipath component, we present an appropriate method for estimation these Doppler drifts.
The paper is organized as follows: the system characterization is made in section II. Section III presents the analytical characterization adopted for modeling short term channel variations. The method for channel and CFO estimation is explained in section IV. Section V describes the adaptive IB-DFE receivers and a set of performance results is presented in section VI. Section VII resumes this paper.
System Characterization
In this paper we consider transmission through a channel with multipath propagation, between a mobile transmitter traveling with speed v, and a fixed receiver. Due to the Doppler effects associated to relative movement between transmitter and receiver, the channel is time-variant. This variation is a function of the Doppler drift associated to each multipath component, given by
where f D = vf c /c ia Doppler shift and θ i is the angle between the velocity vector v and the arrival direction for the ith multipath component [15] .
Channel Variations
In the following we present a model for short term channel variations due to Doppler effects. We have a multipath channel whose impulse response associated to an input at time t 0 is
with Φ denoting the set of multipath components, α i (t 0 ) denoting the complex amplitude of the ith multipath component, which has delay τ i . This delay is assumed to be almost constant, at least for short-term variations. In this paper we focus on channel variations associated to the terminals' movement, i.e., they modeled as pure Doppler drifts. This means that α i (t 0 ) will be given by
(We assume fixed receiver and reflecting surfaces, with only a moving transmitter; the extension to other cases is straightforward.). This means that
Although this model is very general and can be employed in most cases, the number of required multipath components can be very high (this is particularly true when when the reflecting surfaces have high rugosity). The multipath components having the same direction of arrival face similar Doppler drifts and, therefore, can be grouped as a single cluster and the overall channel will consist in a set of clusters, i.e.,
where
with Φ r = {i : θ i θ (r) } denoting the set with the elementary multipath contributions grouped in the rth multipath cluster. Naturally, this means that τ i ≈ τ r , ∀ i∈Φr , i.e., the contributions associated to the rth multipath group have the same delay (at least at the symbol scale).
When the number of components in Φ r is high then α r (t 0 ) is approximately Gaussian. Moreover, if the directions of arrival θ i (measured relatively the velocity vector v) are uniformly distributed in [0, 2π] then α r (t 0 ) will have PSD (Power Spectral Density) given by
depicted in Fig. 2(a) . This PSD is usually denoted Doppler spectrum and, in this case, this corresponds to the wellknown Jakes' Doppler spectrum. Therefore, α r (t 0 ) can be regarded as a white Gaussian noise w(t 0 ) that is filtered by a filter with frequency response H D (f ) ∝ G αr (f ) [16] . Thus, we can generate α r (t 0 ) as depicted in fig. 1 . This model assumed that each multipath component is decomposed in several components, all with similar delays. This is only applicable for narrow band systems, i.e., when the symbol duration is high compared with the delay's time-dispersion. For broadband wireless systems multipath components with different directions of arival/departure will have significantly different delays and, therefore, belong to different clusters. Under these conditions, all elementary components of a given ray (i.e., the components of a cluster of rays) will have similar directions of departure and/or arrival and, consequently, similar Doppler drifts. Therefore, we can still use the model of Fig. 1 , but the Doppler filter should have very narrow band, naturally centered in f
. Under these circumstances, the short-term channel variations for each multipath cluster are approximately the ones due to pure Doppler shifts, i.e.,
Therefore, the time-varying channel impulse response is
where each individual channel h (r) (t, 0) is associated to a cluster of multipath components with similar directions of arrival and/or departure. However, it should be pointed out that the components of a given cluster can have different delays. It is given given by
where Φ r denotes the set of all multipath components of the rth cluster. A representation of the clustering process is presented in Fig. 3 .
PDP associated with 
PDP associated with   Fig. 3 . Multipath components having the same direction of arrival θ are grouped into clusters.
Channel and CFO Estimation

A. Frame Structure
As already pointed out, we assume coherent receivers which require accurate channel estimates. The estimates can be obtained from predefined training sequences, eventually taking advantage of the sparse nature of the equivalent CIR (Channel Impulse Response) [17] . In the following we will show that the knowledge of the CIR at the beginning of the frame, together with the knowledge of the corresponding Doppler drifts, is enough for obtaining the evolution of the equivalent CIR along the frame. The different CIRs and Doppler drifts can be obtained by employing the frame structure of Fig. 4 . The frame starts with the transmission of two training sequences, denoted T S 1 and T S 2 , respectively. Between the training sequences there is a period of time ∆T , which may be used to data transmission, although its detection is only performed after the transmission of the training sequences. By employing high values of ∆T the estimates accuracy can be significantly improved. However, it should be assured that the phase rotation within the time interval ∆T does not exceeds π. Each training sequence includes a cyclic prefix with duration T CP , which is longer than the duration of the overall channel impulse response (including the channel effects and the transmit and receive filters), followed by the useful part of the block with duration T T S , which is appropriate for channel estimation purposes. Let us consider the first training sequence, T S 1 . With the corresponding samples we can obtain the CIR, eventually enhanced using the sparse channel estimation techniques of [17] , leading to the set of CIR estimates h (1) n . It can easily be shown that
where the channel estimation error n is Gaussiandistributed, with zero-mean. Let us now consider the second training sequence,
The channel impulse response obtained at the instant ∆T , is the initial impulse response h n (0) times the corresponding phase rotation. Naturally, this is only applicable to relevant multipath components (i.e., the multipath components whose power exceeds a pre-defined threshold.
The samples above this limit are considered as noise and ignored). Therefore, (12) can be rewritten as h (2) n = h n (0) · e j2πf D cos(θn)∆T + (1) n .
For each sample we can obtain the equivalent Doppler shift from
Independently of the delays, the samples having similar directions of arrival, are grouped together as a single channel (i.e., cluster of rays), h (r) n . The information about the Doppler shift of rth cluster of rays, allows us to track the variations of the corresponding channel h (r) (provided that all rays belonging to that cluster have similar directions of departure/arrival),
where f (r)
D,n = f D,n · cos(θ (r) n ). This means that it is possible to estimate the equivalent channel's impulse response for any slot: the channel's impulse response at the instant ∆T is the channel's impulse response at the initial instant 0 multiplied by the phase rotation along that time interval,
Adaptive Receivers for Signals with Strong Doppler Effects
In the following we consider an SC-FDE based transmission over a vast-varying and severely time-dispersive channel. Each cluster of rays is associated to a different Doppler drift and we present appropriate receivers able to cope with those effects. For each cluster we have a different Doppler drift, which means that the corresponding signal is affected by a phase rotation that changes within the block. An estimation and compensation technique of the phase rotation associated to residual frequency drifts was proposed in [13] . Our receiver can be regarded as an extension of the one proposed in [13] to Doppler scenarios. The received equivalent time-domain block, y
, is the sum of the time-domain blocks associated to the N R sets of rays. It is given by
with f (r) D denoting the Doppler drift associated to the rth cluster. If we define
then (17) can be written as
The transmission associated to the rth cluster has Doppler drift f ; n = 0, ..., N − 1}. From (19), it is clear that the Doppler drift produces a constellation's phase rotation θ (r) n that grows linearly along the time-domain block, and can lead to significant performance degradation.
In the following we propose iterative receivers, based on the IB-DFE concept, with joint FDE and compensation of Doppler effects. The first receiver is essentially an IB-DFE where we compensate the most weighted average Doppler drift. The received signals associated to the N R sets of rays are added leading to the signal y
. For each iteration we compute the average Doppler drift, weighted by the power associated to tech sub-channel, which is then used for Doppler drift compensation. The average power associated to each sub-channel is denoted by
and the estimated frequency offset value is given bŷ
As in a conventional IB-DFE, after compensating the estimated phase rotation we estimate the transmitted symbols and use them to cancel residual inter-symbol interference in the next iteration. Naturally, we need to perform appropriate phase rotations in the feedback loop, as depicted in fig. 5 . In the following, this technique will be denoted ADC (Average Doppler Compensation). The problem with the ADC technique is that it is based on a (weighted) average phase compensation, which is not appropriate when we have substantially different Doppler drifts for different clusters.
The second receiver structure is illustrated in Fig.  6 . This receiver employs a Doppler drift compensation technique that will be denoted TDC (Total Doppler Compensation). Essentially, we try to separate the signals associated to each cluster at the receiver and compensate the corresponding Doppler drift. It can be shown that the optimum coefficients B k and F k that maximize the overall SNR associated to the samplesS k are those of [4] , [6] . To understand this receiver structure, let us consider the received signal referring to the rth cluster (or sub- 
where * denotes the convolution operation. For each cluster we perform the following operations:
• Separation of the signal associated to a given cluster y Clearly, in this receiver we perform the overall Doppler drift compensation before the detection procedure, provided that we have accurate estimates of the signals associated to each cluster.
Performance Results
In this section we present a set of performance results concerning the proposed receivers for time-varying channels. We have an SC-FDE scheme with N = 1024 QPSK symbols per block and a cyclic prefix of 256 symbols appended to each data block. However, our simulations indicate that similar results were obtained for for other values of N , provided that N >> 1. Our performance results are expressed as function of E b /N 0 , with E b denoting the average useful bit energy and N 0 denoting the one-sided power spectral density of the channel noise, which is assumed Gaussian. We have a multipath channel with uncorrelated Rayleigh fading on each component and short-term Doppler variations as described above. The maximum normalized Doppler drift is f d = f D T B = vf c /cT B , with f c denoting the carrier frequency, v denotes the speed of the transmitter (the receiver and reflecting surfaces are assumed fixed), c is the speed of light and T B is the block duration. The Doppler drifts associated to each cluster (sub-channel) are obtained with the help of the frame structure presented previously in Sec. 4.1. The different clusters have different Doppler drifts (see fig. 7 ). The first cluster has the direction of movement and therefore is associated to a Doppler drift of f (1)
the second group has the opposite direction and a Doppler drift of f (2) D = −f d . Without loss of generality, we assume 64 multipath components arriving from each direction and with a difference of 10 dBs between the average powers of each clusters with (P (1) > P (2) ) . Figs. 8 and 9 present the BER performance for the proposed methods, regarding a transmission with a maximum normalized Doppler drifts of f d = 0.05 and f d = 0.09. For comparison purposes we also include the results obtained with a static channel. Clearly, both techniques allow significant performance improvements after just a few IB-DFE iterations, even with strong Doppler drifts (i.e., fast-varying channels). Although more complex, the TDC technique is clearly preferable when we have higher Doppler drifts (say, f d ≈ 0.1).
Conclusion
In this paper we considered a digital transmission over severely time-dispersive channels that have high Doppler effects. Moreover, the Doppler drifts can be substantially different for different multipath components. We considered SC-FDE schemes and iterative frequency-domain receivers based on the IB-DFE concept that are able to compensate these Doppler effects. From our performance results we can conclude that the proposed receivers allow significant performance improvements, even in the presence of strong Doppler effects.
